Quantum optomechanics exploits radiation pressure effects inside optical cavities. It can be used to generate quantum states of the center-of-mass motion of massive mechanical objects, thereby opening up a new parameter regime for macroscopic quantum experiments. The challenging experimental conditions to maintain and observe quantum coherence for increasingly large objects may require a space environment rather than an earth-bound laboratory. We introduce a possible space experiment to study the wave-packet expansion of massive objects. This forms the basis for Schrödinger cat states of unprecedented size and mass.
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Yet in their approaches, to quote Einstein, "they were the strongest antipodes" 4 . One well-documented example (of great impact) is the question of how to interpret the quantum-mechanical wavefunction. Einstein believed that one can only meaningfully talk about the wavefunction in an ensemble sense, i.e., there must be a statistical character to the wavefunction 5 . Schrödinger however, at least in the early 1930s, believed that the wavefunction resembles some sort of physical reality 6 . Their discussions eventually resulted in the formulation of at least two variants of a gedankenexperiment that involed the superposition of two macroscopically distinct states of a physical system -the states "exploded" and "not exploded" of a pile of gunpowder (Letter from Einstein to Schrödinger; August 8 1935; see [7] ) and the notorious cat states "dead" and "alive" [8] . Even today, this gedankenexperiment captures one of the most outstanding questions on the conceptual foundations of quantum physics. Are the laws of quantum physics universally valid? If so, what does that mean for the physical reality of macroscopically distinct states? Beyond being of significant philosophical relevance, these questions pose a very concrete experimental challenge.
Whether it is possible to create superpositions of macroscopically distinct states of arbitrary distinctness has not yet been decisively answered. So far, all quantum experiments, even those involving some level of macroscopicity, are consistent with the predictions of quantum theory [9, 10] . Some of the most prominent examples include the delocalization and interference of macromolecules [11] of up to 7,000 atomic mass units (amu) [12] ; the coherent superposition of coand counterrotating macrocopic currents of some µ-Ampere [13, 14] ; the generation and decoherence of Schrödinger cat states of photons [15, 16] and atoms [17] [18] [19] [20] ; the generation of spin-entanglement between distant ensembles of up to 10 12 atoms [21] and between different spatial modes of a Bose-Einstein condensate (BEC) [22, 23] ; the generation of entanglement between photons that differ by 600 in their orbital angular momentum quantum number [24] or of superpositions of two spatially different (energy eigen-) states of motion of a micromechanical resonator [25] . Pushing the parameter range of such experiments even further remains an intriguing challenge of experimental quantum science. Here, we introduce a new approach based on the quantum optical manipulation of the center-of-mass motion of macroscopic objects, i.e. quantum optomechanics [26] . In principle, this scheme allows for a significant extension of the parameter regime of Schrödinger cats with respect to both size and large spatial distinctions in the superposition of different center-of-mass states. Given sufficiently large masses, such spatial optomechanical Schrödinger cats could even allow to explore the interface between quantum physics and gravity.
The young field of quantum optomechanics exploits the methods of quantum optics to prepare, manipulate and analyze nano-, micro-and macro-mechanical devices in the quantum regime of motion. The main idea, which can be traced back to the early days of gravitational wave interferometers [27, 28] , is to make use of radiation-pressure interactions between the mechanical object and the radiation field of a high-quality optical cavity. In essence, when the mechanical motion can modify the cavity response, e.g., via direct modulation of the cavity length or via dispersion, the resulting radiation-pressure force both depends on the (center-of-mass) position degree of freedom and, because of the finite cavity lifetime, is retarded in time. This gives optical control over the full mechanical susceptibility, i.e., over both spring constant and damping of the mechanical resonator. For sufficiently strong forces and specifically chosen optical states, this allows full (quantum) optical control over quantum states of massive mechanical oscillators.
For example, analogous to laser cooling of atoms and ions [29] [30] [31] [32] , quantum optomechanics allows for cooling the motion of mechanical devices [33] [34] [35] [36] [37] [38] [39] and, only recently, several demonstrations of laser-cooling nano-and micromechanical resonators into the quantum ground state of motion have been reported [40, 41] . In parallel, experiments are now entering the so-called strong coupling regime [25, [42] [43] [44] [45] [46] , which allows overcoming effects of decoherence and enabling coherent interactions between photons (of the cavity field) and phonons (of the mechanical resonator).
The following discussion is strongly motivated by realizing that quantum optomechanics offers an almost universal coupling mechanism for controlling the center-of-mass degree of freedom of massive objects -independent of their size. Its working principles have now been demonstrated for mechanical objects spanning a mass range of almost twenty (!) orders of magnitude in mass: from clouds of up to 10 7 ultracold atoms with 10 −20 kg over nano-and micromechanical resonators of up to 10 14 atoms with 10 −10 kg to massive mirrors of gravitational wave detectors with more than 10 20 atoms and a weight of several kg [26] . Obviously, for any of the chosen objects, entering the quantum regime will require a close look at the possible sources of decoherence.
Typical mechanical resonators are rigidly clamped to a support structure, which comes with several disadvantages: first, it resembles a permanent strong link to a thermal environment; second, it limits the maximum displacement achievable for an optomechanical cat state; and third, internal loss mechanisms can result in highly non-Markovian Brownian motion [47] . Recently, there have been several proposals how to strongly suppress these effects in a quantumoptomechanics configuration by using optically trapped nano-or microspheres [48] [49] [50] . In analogy to experiments with trapped atoms and ions, the optical trap provides a harmonic potential for the center-of-mass motion of the nano-or microsphere that now represents the mechanical oscillator. This configuration forms the basis for our analysis.
We consider a situation in which we can cool the center-of-mass of a nano-or microsphere close to its quantum ground state of motion (see [51] for more details on the experimental requirements). After successful cooling, the particle will be released and its wave-packet will expand rapidly. By measuring the dynamics of this wave-packet expansion, i.e., by measuring the size of the wave-packet as a function of time, it is possible to test the predictions of quantum theory and to analyze the precise nature of the decoherence mechanisms affecting the quantum state. This is because, as the size of the wave-packet increases, the particle will be in a quantum superposition of being anywhere within an expanding region of space. As a consequence, any additional decoherence, for example resulting from collisions with gas particles or from scattering, absorption or emission of blackbody radiation, will not only lead to localization but will impart an additional momentum uncertainty. In other words, in the presence of decoherence the initial wave-packet expansion will proceed even more quickly compared to the decoherence-free case. The idea of observing the expansion of a wave-packet in order to test the predictions of quantum theory has been proposed already in the past, e.g., in [52] for testing so-called continuous-spontaneous-localization models (CSL models) as alternatives to quantum theory [53] . Our approach takes a fresh look at this problem in the light of the novel possibilities provided by quantum optomechanics. (right) Example for testing a modification of quantum theory (the CSL model). The number of data points measured determines the experimental error and therefore the minimum deviation from quantum theory we would notice experimentally. Figure 1 (left) illustrates the effect of this decoherence-induced acceleration of expansion of the wave-packet for the case of a fused-silica nanosphere with a radius of 120 nm. The blue line shows the expansion of the wave-packet if there is no decoherence. The red line shows the increased speed of wave-packet expansion in the presence of strong quantum decoherence due to the scattering, absorption and emission of blackbody radiation for 300 K environment temperature and 400 K internal temperature of the nanosphere. Decoherence due to gas collisions has been neglected for this example. The green line shows the expansion of the wave-packet as predicted by a macrorealistic modification of quantum theory (the CSL model for a = 100 nm and λ = 10 −13 Hz). The smaller the deviation from quantum theory, the stronger the requirements on the experimental accuracy needed to confirm such a deviation. The CSL model, for example, depends on two parameters. One of these parameters (λ) can be varied over a relatively wide range to fit experimental results. The smaller λ, the smaller is the deviation from quantum theory. In figure 1(right) , we plot the minimum λ we could detect experimentally in units of the original value suggested, i.e., λ GRW = 10 −16 Hz [54] .
We discussed a possible implementation of an experiment to observe the wave-packet expansion of massive objects (WAX) in a recent study for ESA [51] . A typical experimental run of WAX would consist of the following steps:
1. load a nanoparticle into an optical trap inside an optical cavity, 2. move the particle to a predefined position along the cavity axis, 3. cool the center-of-mass motion of the nanoparticle close to the quantum ground state, 4. switch off the trap and let the particle's wavefunction expand freely for a time t, 5. measure the position of the nanoparticle along the cavity axis, 6. trap the particle again and repeat the steps above starting from step (2).
By repeating this procedure often enough, one can determine the width of the wave packet for various values of t. Comparison with the predictions by quantum theory will then allow to detailed studying of possible sources of decoherence. Eventually, this analysis will even allow to place new experimental bounds on non-standard decoherence models, i.e., decoherence that is predicted to arise from various possible modifications of quantum theory (e.g., "macrorealistic models" [55] ).
Using WAX for performing tests of quantum theory beyond what has been achieved in experiments so far requires not only to go to significantly larger sizes but also to have long free-expansion times t on the order of 10-100 s. Such free expansion times are hardly achievable on Earth because the path the particle would drop during that time would be between 500 m and 50 km. For this reason, we propose realizing WAX on a micro-gravity space platform. While this allows for long free-expansion times as needed for WAX, one also needs to keep standard quantum decoherence to a minimum (blackbody radiation, scattering of gas molecules). Achieving good vacuum and low temperatures on a spacecraft is, however, not trivial because the inside of spacecrafts is usually kept at room temperature in order for the electronic instruments aboard to work optimally. Because of the high temperature of the environment, components inside the spacecraft outgas at high rates leading to comparatively high pressures inside the spacecraft. In order to achieve good vacuum and low temperatures in space, one usually uses the same technology as on Earth, i.e., heavy vacuum and cryogenic equipment. The weight of that equipment leads to excessively high costs for space missions. We propose to achieve the vacuum and low-temperature ideal for WAX by performing the experiment on an optical bench that is thermally insulated from the rest of the spacecraft in order to facilitate thermal radiation as well as outgassing directly to space (see figure 2(left) and references [51, 57] ). This should allow for environment temperatures of 30 − 40 K as well as ultra-high vacuum ( 10 −12 Pa), which provides ideal conditions for WAX. Under these conditions, WAX would allow coherent expansion of a nanosphere's wave-packet over times as large as 100 s and delocalization over distances comparable to the nanosphere's diameter. Because CSL localization is dominant in this regime, WAX would represent a stringent test for CSL (reducing the experimental limits on λ by ∼ 6 orders of magnitude compared to current tests).
Most of the optical equipment necessary for WAX (narrow-band lasers, optical components, stabilized interferometers, optical cavities etc.) is available or will soon be available for space applications. In particular, significant technological heritage exists in the form of the LISA Technology Package, which is the scientific instrument on LISA Pathfinder. For our studies, we assumed the spacecraft to be of the same type as LISA Pathfinder (see figure 2(right) and [58] ) in order to directly take advantage of that technological heritage.
We have analyzed the technical requirements for a space-based configuration of this type in detail in two recent studies [51, 57] and we refer the reader to these documents for more technical details.
Finally, once the wave-packet has reached a certain coherent extension, one can also consider applying a physical interaction that will prepare the state of the nanosphere in an optomechanical cat state. According to quantum theory, a successful preparation of such a state will result in an interference pattern similar to the one occurring in the well-known double-slit experiment. Experiments of this type have been proposed both for ground-based experiments [59, 60] as well as for experiments in a space environment [51, 57] . In a space environment, such experiments could allow for testing quantum theory over a vastly larger parameter range than WAX [51, 57] -hopefully resulting in increasingly "burlesque" situations of superpositions of macroscopically distinct states. Ultimately, one should attempt to increase the mass of the particle to a regime, where its own gravitational field can no longer be neglected.
The views on what happens there are as diverse as they are on Schrödinger's cat. . .
We note that this arXiv version of our paper is a simple reprint of the version published in early 2013 in Ref. [61] and submitted in late 2012. The only update in the bibliography was made in Ref. [10] , which had been unpublished at the time.
